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Abstract — This paper presents three novel techniques for the 
measurement of capacitance variation in high-frequency 
operation of angular comb-drive structures, with applications 
including optical projection micro-mirrors. The first technique 
uses a lock-in amplifier in order to measure the impedance of the 
comb structure by superimposing a test signal having a frequency 
that is at least one order of magnitude higher than the micro-
mirror resonant frequency. The second measurement setup uses a 
digitizing oscilloscope to measure the capacitance from the 
instantaneous voltage and current in the comb structure. The third 
setup consists of a micro probe controlled by a high-resolution 
positioner in order to tilt the mirror to a desired angle. This allows 
for static capacitance measurement at different mirror deflection 
using a high precision LCR meter. The measurement results from 
the different setups were found to be in agreement with each other. 
The results were further verified against analytical and numerical 
modelling. 
Keywords— MOEMS, resonating micro-mirror, comb-drive 
actuator, capacitance measurement 
I.  INTRODUCTION 
Resonating micro-mirrors are an emerging technology in 
pico-projectors and 3D scanners with several variations 
available on the market. These devices use several actuation 
technologies such as electrostatic, magnetic and piezoelectric.   
One-dimensional resonating micro-mirrors with vertical 
actuation electrostatic actuators are currently being used by 
STMicroelectronics in combination with a secondary slow 
moving micro mirror in the construction of pico-projectors. 
Electrostatic actuation has the advantage of being simple to 
manufacture and does not require specialized material. The 
complex motion of the rotating fingers results in a non-linear 
capacitance variation with mirror tilt angle [1] [2]. This variation 
needs to be considered when designing the control circuitry and 
estimating the resulting electrostatic moment [3]. A typical 
vertical comb structure is shown in Figure 1. 
 Given that the micro-mirror is operating around its 
rotational resonant mode (approx. 20 kHz) [4] and the change in 
capacitance is in the order of a few pico-farads [5], conventional 
capacitance measurement techniques are not applicable. This is 
made more difficult by the fact that the micro-mirror requires an 
actuation voltage of around 200 V peak. Alternative methods 
had to be developed in order to measure the actuator capacitance 
during operation. 
The measurement techniques proposed require a resolution 
of at least 0.1 pF and a bandwidth larger than the mirror 
resonating frequency. The setup is also sensitive to electrical and 
optical noise therefore electrical equipment was properly 
shielded, and the measurement carried out in an optical black 
enclosure. 
This paper is divided in three sections. The next section 
discusses structures used for the test. Numerical simulation was 
also carried out in order to compare the numerical solutions with 
analytical solution obtained from previous publications. Section 
III describes the three methods used for measuring the change in 
capacitance. Section IV evaluates the three techniques and 
compares the results to the numerical and analytical results. 
 
 
 
Figure 1: Typical vertical comb-drive used for resonating micro mirrors – top: 
stationary (angle = 0) bottom: mirror at angle θ. 
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II. DEVICE STRUCTURE AND SIMULATION 
The devices characterized in this work were manufactured 
by STMicroelectronics and have an overall structure that is very 
similar to the device described in [6]. The mirror is actuated 
using two pairs of electrostatic actuators consisting of 31 
fingered comb structures. The gap between the stator comb and 
actuator comb is 5 μm and the comb overlap of 152 μm. The 
distance from the tip of axis of rotation to the tip of combs is 
329 μm. For oscillations to start, a slight offset is required 
between the stator comb and actuator comb. This is obtained by 
thinning one side of the actuator comb by 2 μm. 
Figure 1 shows the cross-section of the mirror actuator at 
zero deflection angle and at maximum deflection. The 
capacitance variation with tilt angle θ of the vertical comb 
structure can be described analytically [1], [7] and [2], when 
fringing effects are neglected, via a piecewise continuous 
function and by considering three distinct regions of the overlap 
area between the rotating and fixed comb fingers. The limits of 
each region are dependent on the finger length, finger width, 
initial finger overlap length and finger offset from the rotational 
axis.  
The analytical solution was then compared to finite element 
simulations using ANSYS© and CoventorWare©. The results 
for the rate of change in capacitance with angle are shown in 
Figure 2. These results indicate a good agreement between 
analytical solution and numerical solution for all three 
conditions used in [2].   
III. METHODOLOGY 
Three novel techniques for measuring the capacitance 
variation during the high-frequency operation of angular comb-
drive structures, such as optical projection micro-mirrors have 
been examined. In the first and second techniques, the 
mechanical angle of the mirror is measured using a position 
sensitive detector. The oscillation amplitude was verified by 
measuring the length of a projected line on a flat surface.  
A. Technique 1 – Capacitance measurement using a 
superimposed high frequency signal 
The first technique superimposes a second signal to the 
actuation voltage, with a frequency of at least one order of 
magnitude higher than the resonating frequency. The voltage 
and current at the sensing signal frequency are measured using 
either a lock-in amplifier or a digitizing oscilloscope.  
As shown in Figure 3, the lock-in amplifier was used to 
generate the 20 kHz signal, which corresponds to the mirror 
resonant frequency, together with a superimposed 230 kHz 
sense signal. The signal from the lock-in amplifier was amplified 
to achieve the required 200 V peak-to-peak sinusoidal signal 
using a high voltage high-speed amplifier. The 20 kHz signal 
was tuned to produce the maximum mirror swing. A trans-
resistance amplifier circuit was used in order to convert the 
current inside the comb structure into a voltage. A similar 
technique was used in [8], where the measured voltage was used 
in order to close the PLL loop. In the proposed technique, the 
applied voltage and current are logged via a computer and used 
in order to calculate the change in capacitance as the mirror 
oscillates. 
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Figure 3: Electrical setup for first and second techniques 
Figure 2: Comparison of numerical simulation with analytical solution 
Since the trans-resistance amplifier keeps the voltage of the 
stator comb at ground level, the current flow from the comb 
structure to the grounded substrate due to parasitic capacitances 
does not affect the measurement. The actuator voltage and 
current were measured at 230 kHz using the two lock-in 
amplifier inputs as well as a digitizing oscilloscope. The data 
was logged using LabVIEW©. Using the voltage, current 
magnitude and phase, the impedance of the comb was 
calculated. 
B. Technique 2 – Capacitance measurement using instanteous 
voltage and current 
The second measurement setup uses a digitizing oscilloscope 
as a high-speed data logger in order to measure the capacitance 
from the instantaneous voltage and current in the comb structure. 
The same electrical set up as in the first technique was used in 
order to convert the actuator current to voltage when a 200 V 
peak-to-peak sinusoidal signal was applied. Using a Hameg 
HMO3524 digital oscilloscope in the waveform-averaging 
mode (256 averages), the instantaneous voltage and current were 
measured for 14 consecutive mirror oscillation cycles, while the 
system was at resonance. The data for the 14 cycles was 
processed in MATLAB in order to obtain the averaged values 
for one cycle. The averaging from the oscilloscope and the 
averaging in MATLAB help in reducing the measurement noise. 
Using finite difference approximations in order to estimate the 
time derivatives of the measured current and voltage waveforms, 
by solving the equation (1a) and (1b), the impedance of the comb 
structure was calculated. 
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In the above equations, C is the capacitance and R is the 
shunt leakage resistance of the comb structure while i and v are 
the instantaneous measured current and voltage values. Figure 4 
shows typical averaged results for voltage, current, and 
corresponding estimated capacitance. 
It is important to note that in this technique, the angular 
velocity of the system has an effect on the measurement. This is 
because the measured current is dependent on both the 
instantaneous structure capacitance as well as the rate of change 
in capacitance. This is described in equation 2. The 𝑣
𝑑𝐶
𝑑𝑡
 term in 
equation 2 is positive when the mirror is rotating in one direction 
and negative when the mirror is rotating in the opposite 
direction. This means that by averaging the current measured 
during opposite mirror movement direction, this term can be 
cancelled out. 
 𝑖 = 𝑣
𝑑𝐶
𝑑𝑡
+ 𝐶
𝑑𝑣
𝑑𝑡
 
The experimental setup capacitance offset was estimated by 
operating the setup with the packaged mirror removed. This 
offset was then subtracted from the data collected. Assuming 
that the parasitic capacitances are in parallel with the mirror, the 
effect of these components is cancelled. The remaining parasitic 
capacitances are those which are due to the mirror packaging. 
C. Technique 3 – Capacitance measurement using LCR meter 
and actuation via a micro-probe 
The third measurement technique consists of a micro probe 
controlled by a FemtoTools FT-MTA02 high-resolution 
positioner in order to tilt the mirror to a desired angle. This 
allows for static capacitance measurement at different mirror 
deflection angles using an Agilent E4980A high precision LCR 
meter. Since the mirror is not electrostatically actuated, a very 
 
Figure 4: Measurement of voltage, current, and calculated capacitance using the 
second technique  
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Figure 5: Microscope setup for measuring capacitance at different angle (set by 
micro -probe)
accurate measurement of the capacitance can be obtained for 
different mirror angles. 
 The micro-mirror was set up on an optical microscope with 
a high precision z-scale, as shown in Figure 5. The z-
displacement and angular rotation of the mirror were determined 
by adjusting the optical focus of the microscope for three 
different locations on the mirror surface. Kelvin-connected 
electrical probes were used in order to measure the capacitance 
directly from the micro-mirror die. The LCR meter maintained 
the voltage on the stator comb at virtual ground level in order to 
limit the effect of the parasitic capacitance between the actuator 
and grounded substrate on the result. The probe was also 
grounded in order to reduce its effects on the measurement. 
 
IV. RESULTS AND DISCUSSION 
Figure 6 shows the results obtained using numerical 
simulation together with the results for the three proposed 
experimental techniques. These show that there is a good 
agreement between the measurement and the numerical solution 
obtained in Coventorware. 
The results show that there is a slight offset in the 
measurements using techniques one and two. A major 
contributor to this offset is the parasitic capacitance of the 
packaging. In the third technique, the parasitic capacitances are 
reduced since the capacitance is probed directly on the die using 
the Kelvin-connected setup. 
A difficult task in designing the described techniques was in 
reducing the noise level in the measurement. The first technique 
was the most sensitive to noise since the mirror oscillations 
effectively modulate the 230kHz sensing signal at 40 kHz which 
corresponds to twice the resonating frequency. Therefore, the 
input filter of the demodulator requires a sufficiently wide pass 
band in order to accommodate for the side bands. Side bands up 
to the third harmonic were considered (approximately 120 kHz).  
The result was improved via band pass filters centered around 
the harmonics of 40 kHz, implemented using digital processing.  
A higher current in the stator capacitor can be achieved by 
increasing the frequency of the sensing signal. This results in a 
higher signal to noise ratio in the current measurement and thus 
improves the accuracy. In the proposed setup, the high voltage 
amplifier attenuates high frequency components of the signal 
and therefore limits the amplitude of the applied high frequency 
signal. A frequency of 230 kHz was chosen as a compromise 
since it produced the best signal to noise ratio in the current 
measurement. The setup can be improved by using an amplifier 
with a higher frequency response, or by combining the driving 
signal and drive signal after amplification. 
The second technique, which uses the instantaneous voltage 
and current in the actuator in order to measure the capacitance, 
also proved to be effective. The major drawback of this 
technique is that the noise has a large effect on the measurement. 
This is because the calculations for finding the structure 
impedance involved the numerical estimation of the second 
derivative of the voltage and a first derivative of the current, 
which amplify the noise. This noise was significantly attenuated 
by averaging the multiple readings and by applying a low pass 
filter to the measurement. The number of samples was also 
increased by tenfold using spline interpolations. This allowed 
better alignment of the repeated measurement before averaging 
and better filter implementation. Improved results can be 
obtained by using a data logger with higher resolution and lower 
noise floor. 
The results for the measurement of the capacitance at 
different angles obtained using the micro-probe show a very 
good agreement with the numerical and analytical simulation. 
This technique was the easiest to set up and produced the least 
noisy results. The drawback of this technique is that since it 
relies on manually focusing the microscope at three different 
locations on the mirror in order to measure the angle, the 
measurement time is very long and tedious. This technique can 
be improved by replacing the angle measurement method, either 
by using a profilometer or by implementing a laser system 
similar to those used in the first two techniques. The latter is 
difficult since part of the mirror is obstructed by the micro-
probe.  
Overall, the results show that the three proposed techniques 
are effective in measuring the capacitance of a resonating micro-
mirror actuator at different operating angle. The first two 
techniques can be extended so that they can be used during 
operation in order to monitor the oscillation amplitude [9] [8]. 
Similar to work done in [3], these do not require the addition of 
a sensing comb structure in order to measure the mirror angle. 
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Figure 2: Results comparing the numerical simulation with the three techniques 
V. CONCLUSION 
This paper presented three measurement techniques for 
characterizing the capacitance in vertical comb micro-mirrors. 
The measurements were carried out on a one side of the 
actuation comb drive capacitance of the micro-mirror. The 
results show a decrease in capacitance as the mirror angle 
increases. The measurement results derived from the different 
setups were found to be in agreement with each other as well as 
with finite element and analytical estimations. 
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